Introduction {#Sec1}
============

The control of magnetism using voltage attracts a significant attention in the field of spintronics. It is of significance in high-density low-power-consumption memory and ultrathin ferromagnetic films owing to the unique physical properties. Various experimental and theoretical studies in this field have been reported including studies on voltage-controlled magnetic anisotropy (VCMA)^[@CR1]--[@CR6]^, Curie temperature^[@CR7],[@CR8]^ exchange bias^[@CR9]^, Dzyaloshinskii--Moriya interaction^[@CR10]^ and exchange interactions^[@CR11]--[@CR13]^. In particular, high-frequency magnetization switching has been utilized for a new class of VCMA-driven memory devices^[@CR14]--[@CR17]^.

The VCMA effect is induced by an accumulation of charge at the interface of ferromagnetic materials owing to an applied electric field. The accumulated charge screens the electric field in the region within a few monatomic layers of the interface. Therefore, the interface of ferromagnetic materials is of importance for the VCMA. The microscopic origin of the VCMA effect at the interface of ferromagnetic materials can be understood as follows. For 3*d*-ferromagnetic materials such as Co, it has been experimentally shown that electric-field-induced changes of the orbital magnetic moment predominantly contribute to the VCMA effect^[@CR18]^. Moreover, for 5*d*-materials with proximity-induced spin-polarization, such as Pt, the magnetic dipole *T*~z~ term is of importance for the VCMA effect^[@CR19]^. This term corresponds to the electric quadrupole in the atoms. This study indicates that the occupancy of the interfacial *d*-band in a ferromagnetic material is correlated with the VCMA effect. However, to the best of our knowledge, the dependence of the VCMA and interfacial anisotropy energy on the occupancy of *d*-band electron orbitals of a ferromagnetic material has not been studied.

In this study, we demonstrated VCMA and interfacial anisotropy field in the Fe~1−*x*~Co~*x*~/Pd/MgO system. The occupancy of the *d*-band electron orbitals in the Fe~1−*x*~Co~*x*~ alloy can be controlled with the Co fraction *x*. As the use of Pd at the Fe(Co) interface increases the VCMA^[@CR20]--[@CR22]^ a 0.2-nm-thick Pd layer (corresponding to one atomic layer of Pd) was introduced at the Fe~1−*x*~Co~*x*~/MgO interface.

In the first part of this letter, we characterize the crystal and layered structure of V/Fe/Fe~1−*x*~Co~*x*~/Pd/MgO using reflection high-energy electron diffraction (RHEED) and high-angle annular-dark-field scanning transmission electron microscopy (HAADF-STEM), and determine the position of the Co and Pd layers using energy-dispersive X-ray spectroscopy (EDS). In the second part, we investigate the fourfold crystal anisotropy field, interfacial anisotropy field, and VCMA in the Fe~1−*x*~Co~*x*~/Pd/MgO system.

Epitaxial multilayers of MgO (5 nm)/V (20 nm)/Fe (20 nm)/Fe~1−*x*~Co~*x*~ (0.3 nm)/Pd (0.2 nm)/MgO (5 nm) were deposited on a face-centered-cubic-(FCC)-MgO(001) substrate using electron-beam deposition under an ultrahigh vacuum. An ultrathin Fe~1−*x*~Co~*x*~ layer was prepared by an alternate deposition of Fe one monolayer in wedge shape and one monolayer Co was in opposite wedge shape at room temperature onto the body-centered-cubic-(BCC)-Fe-(001) layer, which was, prior to the deposition, annealed at 250 °C and cooled down to room temperature. After that, similarly, we deposited again Fe one monolayer in wedge shape and one monolayer Co was in opposite wedge shape. Schematic diagram of deposited film is shown in Fig. [1(a)](#Fig1){ref-type="fig"}. The surface crystal structure of the Fe~1−*x*~Co~*x*~ layer was characterized *in situ* by RHEED, as shown in Fig. [1(b)](#Fig1){ref-type="fig"}. Similar patterns were obtained for all three regions (i.e., *x* = 0, 0.5, 1). This indicated that the crystal structure was independent of the Co fraction (*x*). A 0.2-nm-thick Pd and 5-nm-thick MgO layers were then deposited on the Fe~1−*x*~Co~*x*~ layer at room temperature without annealing. Subsequently, a 50-nm-thick SiO~2~ layer was added as an additional insulating layer by sputtering at room temperature.Figure 1(**a**) Schematic of the film structure. (**b**) RHEED patterns of the Fe~1−*x*~Co~*x*~ surface for *x* = 0, 0.5, and 1; electron-beam//MgO \[100\]//Fe \[110\]; no change in lattice spacing was observed, which suggests a BCC-lattice formation in all regions.

The HAADF-STEM image of the specimen acquired from the *x* = 0 (Fe/Pd(0.2 nm)/MgO) region (Fig. [2(a)](#Fig2){ref-type="fig"}), and that acquired from the *x* = 1 (Fe/Co(0.3 nm)/Pd(0.2 nm)/MgO) region (Fig. [2(b)](#Fig2){ref-type="fig"}) show the stacking structure of the layers with atomic resolution. The *x* = 0 region exhibits a rather rough interface with the MgO layer. The roughness is caused not only by surface atomic steps, but also by a significant lattice distortion, as shown in the atomic-resolution HAADF image. In contrast, the *x* = 1 region exhibits a flatter interface. In addition, the Pd atomic columns can be observed as brighter spots at the interface with MgO. The HAADF-STEM image (Fig. [2(b)](#Fig2){ref-type="fig"}) shows that the Pd layer exhibits a body-centered-tetragonal (BCT) structure (*a* = *b* = 2.86 Å, *c* = 3.06 Å). The BCT-Pd layer exhibits a full lattice coherency with the neighboring FCC-MgO and BCC-Co/Fe layers; the orientation relationship is: (110)\[001\]~BCC−Co/Fe~//(110)\[001\]~BCT−Pd~//(001)\[010\]~FCC−MgO~. Figure [2(c,d)](#Fig2){ref-type="fig"} show EDS images for the *x* = 0 and *x* = 1 regions, respectively. Diffusion of Pd into the Fe layer is observed for the *x* = 0 region (Fig. [2(c)](#Fig2){ref-type="fig"}). From the line profile in Fig. [2(e)](#Fig2){ref-type="fig"}, the diffusion length of Pd is estimated to be approximately 2 nm. The diffusion of Pd, which has a different atomic diameter, leads to a distortion of the crystal lattice and rough interface.Figure 2Wide-area STEM images: (**a**) area without Co content (*x* = 0), where a rough interface with MgO is observed; (**b**) pure Co region (*x* = 1), where a smoother interface with MgO is observed. At the interface, Pd atoms are observed as brighter spots. (**c**) EDS images for the *x* = 0 region. The diffusion of Pd into the Fe layer can be observed. (**d**) EDS images for the *x* = 1 region. The Pd layer is well separated from the Co layer. EDS line profiles for the (**e**) *x* = 0 and (**f**) *x* = 1 regions; the Pd diffusion length in the *x* = 0 region is estimated to be approximately 2 nm.

The EDS image for the *x* = 1 region (Fig. [2(d)](#Fig2){ref-type="fig"}) shows that the Pd atoms are located in-between the MgO and Co layers. Owing to the film roughness and limited resolution of EDS, we cannot easily estimate the degree of mixing between the Pd and Co layers. The EDS line profiles show line-widths of 1.2 nm and 0.7 nm of the Co and Pd layers, respectively (Fig. [2(f)](#Fig2){ref-type="fig"}). These line-widths should be larger than the actual film thicknesses owing to the limited resolution and film roughness (0.3--0.4 nm). However, the peak positions in the concentration profiles correctly indicate the positions of the centers of the films. The highest peaks of the Co and Pd distribution signals are approximately 0.19 nm apart. This indicates that the distance between the center positions of the Co and Pd layers is slightly smaller than the designed distance (0.24 nm). As the high-resolution HAADF-STEM images show distinct Pd atomic columns at the interface, this small deviation can originate from the surface roughness caused by atomic steps and small physical mixing at the interface.

The film was patterned into rectangles with dimensions of 100 × 400 µm^2^. The longer edge of the rectangle is parallel to both Fe \[100\] and MgO \[110\] directions. Microsized antennas and intermediate gate were fabricated with Cr (5 nm)/Au (200 nm) by a conventional microfabrication technique using electron-beam lithography and lift-off methods on the rectangular pattern. The antennas (short-circuited coplanar wave-guides) were designed parallel to the shorter edge of the rectangular pattern. The signal line, ground line, and gap have thicknesses of 1, 2, and 1 µm, respectively. The antennas are 10 µm apart; a 2-µm-wide gate electrode is positioned between them. The antenna excites and detects spin-waves with a wavenumber of 1.2 µm^−1^. A contact pad is fabricated by etching the rectangular pattern down to the Fe layer. A DC bias voltage (*V*~dc~) is applied between the contact pad and intermediate gate. A bias-tee was inserted between a vector network analyzer (VNA) and antenna. Figure [3](#Fig3){ref-type="fig"} shows schematics of the spin-wave device and measurement setup. We applied a static magnetic field in the in-plane direction (*H*~ext~). Magnetostatic surface spin-waves (MSSWs) were excited by applying a radio-frequency (RF) signal of −15 dBm (32 µW). The scattering (*S*) parameter was measured using the VNA. The resonant frequency of the MSSW was obtained from the $\documentclass[12pt]{minimal}
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We observed the directional symmetry of the MSSW frequency-shift *δf*. The MSSW frequency-shift *δf* is attributed to the VCMA. The *δf*~12~ and *δf*~21~ terms linearly depend on the voltage, as shown in Fig. [5(b)](#Fig5){ref-type="fig"}, without hysteresis or aging effects, as the behavior is not attributed to magneto-ionic control^[@CR23]--[@CR25]^. The VCMA in the Fe~1−*x*~Co~*x*~/Pd/MgO system is estimated in Fig. [6](#Fig6){ref-type="fig"}. It shows that the VCMA increases with the Co fraction *x* in the alloy. We achieved a VCMA of approximately 250 fJ/Vm at the Co/Pd/MgO region.Figure 6VCMA in the Fe~1−*x*~Co~*x*~/Pd/MgO system.

In addition, the Fe- and Co-composition dependence of the VCMA in the Fe~1−*x*~Co~*x*~/Pd/MgO system was studied. The VCMA increases by approximately 300% with the increase of *x* from 0 to 1, while the interfacial anisotropy energy changes by approximately 30%. These two observations suggest that the origins of VCMA and interfacial anisotropy are not the same. The STEM and EDS images show that in the *x* = 1 (Co/Pd/MgO) region, the Pd atoms are located between the MgO and Co layers, leading to a larger VCMA of 250 fJ/Vm. There are two possible origins of the large VCMA, which are the *x*-dependence of the electron occupancy in the *d-*orbital states in Fe~1−*x*~Co~*x*~ and existence of Pd atoms at the interface for *x* = 1. However, it is challenging to determine the origin of the VCMA only with the experimental results; first-principle calculations would be helpful to study the origin of the observed behavior.

In conclusion, we investigated the VCMA and *H*~int~ in the fully epitaxially grown V/Fe/Fe~1−*x*~Co~*x*~/Pd/MgO system. The VCMA increased by approximately 300% with the increase of *x* from 0 (Fe/Pd/MgO) to 1 (Co/Pd/MgO); however, *H*~int~ varied throughout the sample up to approximately 30%. Therefore, the VCMA and interfacial anisotropy energy were not directly correlated. A high VCMA of 250 fJ/Vm was achieved in the Co/Pd/MgO region, where Pd atoms were located in-between the MgO and Co layers.

Methods {#Sec2}
=======

The sample was grown using electron-beam deposition under an ultrahigh vacuum. The MgO substrate was annealed at 300 °C for 30 min and 800 °C for 10 min. The MgO (5 nm) and V (20 nm) layers were epitaxially grown consecutively at 150 °C. The sample was then annealed at 500 °C for 30 min. The Fe (20 nm) layer was epitaxially grown at room temperature, and then the sample was annealed at 250 °C for 15 min. The Fe~1−*x*~Co~*x*~ (0.3 nm)/Pd (0.2 nm)/MgO (5 nm) layers were epitaxially grown at room temperature. The RHEED image was recorded *in-situ*. The SiO~2~ (50 nm) layer was then deposited in the sputtering system. The HAADF-STEM and EDS images were acquired from the deposited sample. The film was patterned into rectangles with dimensions of 100 × 400 µm^2^. The longer edge of the rectangle was parallel to both Fe \[100\] and MgO \[110\] directions. Microsized antennas and intermediate gate were fabricated with Cr (5 nm)/Au (200 nm) by a conventional microfabrication technique using electron-beam lithography and lift-off methods on the rectangular pattern. The antennas (short-circuited coplanar wave-guides) were designed parallel to the shorter edge of the rectangular pattern. The signal line, ground line, and gap have thicknesses of 1, 2, and 1 µm, respectively. The antennas are 10 µm apart and a 2-µm-wide gate electrode is positioned between them. The antenna excites and detects spin-waves with a wavenumber of 1.2 µm^−1^. A contact pad is fabricated by etching the rectangular pattern down to the Fe layer. A DC bias voltage (*V*~dc~) is applied between the contact pad and intermediate gate. A bias-tee was inserted between the VNA and antenna. Figure [3](#Fig3){ref-type="fig"} shows schematics of the spin-wave device and measurement setup. We applied a static magnetic field in the in-plane direction (*H*~ext~). MSSWs were excited by applying an RF signal of −15 dBm (32 µW). The scattering (*S*) parameter was measured using the VNA.
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